Background: Whole brain radiotherapy (WBRT) is the treatment of choice for patients with brain metastases. However, neurocognitive functions (NCFs) decline due to impaired hippocampal neurogenesis might occur thereafter. It is hypothesized that conformal hippocampal avoidance during the course of WBRT (HA-WBRT) might provide meaningful NCF preservation. Our study aims to demonstrate the impact of delivering HA-WBRT on NCF changes in patients receiving WBRT.
Regarding the radiation-induced cognitive impacts, it is shown that impaired hippocampal neurogenesis might account for such neurocognitive impairment related to the delivery of whole brain radiotherapy. Therefore, it has been hypothesized that conformal hippocampal avoidance during the course of WBRT would provide meaningful preservation concerning neurocognitive functions.
What this study adds to the field
The incorporation of objective neurocognitive evaluations for brain metastatic patients has improved our understanding of neurocognitive functional outcomes in this population. It is also investigated whether neurocognitive functional preservation would be achieved via the integration of hippocampal sparing with the delivery of WBRT. B rain metastasis is a dismal diagnosis affecting approximately 200,000 Americans each year and up to 30% of patients with cancer. [1] Generally, whole brain radiation (WBRT) with or without surgical resection has been the treatment of choice for patients with solitary brain metastasis and WBRT alone for those with multiple brain metastasis. Traditionally, WBRT has long been a practical and effective therapeutic modality for various settings of management in radiation oncology. [2, 3] For example, the indications for WBRT include brain metastasis/metastases, the setting of prophylactic cranial irradiation (PCI) used for patients with limited-stage small cell lung cancer, and even some cases of extensive-stage small cell lung cancer. [4] The rationale for WBRT is mainly based on the fact that it can target both microscopic and gross intracranial diseases.
In addition to providing rapid relief of neurologic symptoms and enhanced intracranial disease control, control of the metastatic brain lesion(s) by WBRT is generally the most important factor for stabilizing neurocognitive functions (NCFs). [5] Paradoxically, NCF decline can also occur as a sequel of WBRT and is not negligible. Albeit complicated, the time course of WBRT-induced NCF decline can vary considerably according to the specific domains measured. Early decline occurs within the first 1-4 months after WBRT. [6] The domains of radiation-related NCF decline mainly involve immediate and delayed verbal memory with/without non-verbal memory. [7, 8] For instance, Sun et al. reported that verbal memory function was most likely to deteriorate significantly after WBRT; by contrast, general cognitive functions and quality of life were not adversely influenced by WBRT. [7] Over the past several decades, it has been understood that hippocampus plays an essential role in memory function. [9] Also, not little evidence supports that impaired hippocampal neurogenesis caused by radiation-induced damage [10] [11] [12] [13] should be strongly associated with NCF impairment. [9, 14] Furthermore, several studies showed that isodose distribution in the hippocampus is closely related to NCFs in patients with primary brain tumors [15] [16] [17] or in those with nasopharyngeal carcinoma. [14] Consequently, it is hypothesized that conformal hippocampal avoidance during the course of WBRT (HA-WBRT) might lead to significant preservation in terms of cognitive function. [18] [19] [20] [21] This prospective cohort study aims to explore and evaluate the impact of the delivery of HA-WBRT on the extent of NCF changes in patients receiving prophylactic or therapeutic WBRT. As compared with previous related studies, it will also be investigated whether neurocognitive functional preservation would be achieved via the integration of hippocampal sparing with the course of WBRT.
METHODS

Study patients, eligibility, and clinical setting
Patients with primary lung cancer referred for PCI or adults with pathologically confirmed non-hematopoietic malignancy and brain metastasis who had fair to good performance status represented by Karnofsky Performance Status (KPS) score 70 or Eastern Cooperative Oncology Group ECOG) score 2 were eligible for the study. Also, the number and extent of brain metastatic lesions should be no more than three metastatic foci, with the greatest diameter being less than 4 cm. Of note, this inclusion criterion was confirmed in patients by performing brain magnetic resonance imaging (MRI) after they underwent craniotomy with tumor removal and befo re the course of WBRT if potentially eligible patients were surgically resected cases. Thus, in addition to the patients referred for PCI, most of our enrolled patients had to correspond with the definition of oligometastatic brain disease, implying that the number of metastatic foci was three or less shown on brain MRI. [22, 23] Accordingly, patients must fall into RTOG recursive partitioning analysis (RPA) class I or II. [24, 25] Using the above inclusion criteria, new treatment techniques can hopefully be tested on homogeneous patient groups of these classes.
Given the concerns of the safety issue arising on reducing the dose delivered to hippocampal areas below the therapeutic level as it might potentially increase the risk of hippocampal metastasis, patients with MRI-identified metastasis within 5 mm perihippocampally should be excluded. Other exclusion criteria were clinical suspicion of leptomeningeal spreading, history of prior radiotherapy (RT) delivered to brain/head region for any reason, and contraindication for receiving contrast-enhanced MRI examination.
Between March 2013 and the end of April 2014, totally 25 patients were enrolled in the current prospective study. Based on our predefined inclusion eligibility, the recruited patients fell into two main groups. Moreover, the study protocol had been approved by the institutional review board (IRB) at our institute (IRB 103-1090C and 101-4151B) and written informed consent was obtained from each enrolled and eligible patient or the person authorized to give consent. Importantly, our research is a principle investigator (PI)-initiated study; neurosurgeons and radiation oncologists constitute the main investigators taking responsibility for recruiting appropriate patients for this prospective study.
Pretreatment evaluations/assessments
No matter whether the enrolled patients were surgically resected cases or not, eligible patients without detected brain metastasis within a 5-mm margin around either hip-pocampus on gadolinium-enhanced MRI should be obtained within 1 month prior to the planned course of HA-WBRT. Similarly, relevant physical examination and staging oncological surveys should be performed within 30 days before the initiation of HA-WBRT course. Most importantly, all participants must receive the baseline neurocognitive assessment (mentioned below) which is planned to be administered within 2 weeks before the start of HA-WBRT course. Besides, the time interval between brain MRI examination and baseline neurocognitive testing should be as short as possible, preferably within 2 weeks.
Neurocognitive assessments
A selective neurobehavioral test battery is administered [ Table 1 ]. The neurobehavioral measures mainly evaluate several domains assumed to be sensitive to the tumor involvement and cranial RT; all tests were administered by a trained clinical research associate under the supervision of a neuropsychologist.
Since the delivery of HA-WBRT instead of conventional WBRT aims to diminish the extent of neurotoxic impact on the hippocampus, which is significantly associated with memory functions, [9, 15, 18, 21, 26] three main aspects of NCF, including memory functions, executive functions, and psychomotor speed, were evaluated. First, the selected subtests of the Wechsler Memory Scale -3 rd edition (WMS-III) were used to evaluate patients' verbal and non-verbal episodic memory. [27] Second, the Modified Card Sorting Test was used to assess both conceptual formation and mental shifting, [28] which have been documented to be the major components of executive functions. Besides, the Digit Span (DS) subtest of the Wechsler Adult Intelligence Scale -3 rd edition (WAIS-III ® ) was used to examine the verbal working memory. [29] Finally, in order to determine patients' performance on the psychomotor speed, Psychomotor Speed Index (PSI), which is derived from the composite score of Digit Symbol Coding Subtest (DSS) and Symbol Searching Subtest (SS) of the WAIS-III ® , was used.
Radiation therapy treatment planning and delivery
All patients had to undergo a computed tomography (CT) simulation scan encompassing the entire head region with 1.25-mm slice thickness using a thermoplastic mask for immobilization. Bilateral hippocampi were contoured on T1-weighted sequence of axial MRI with gadolinium contrast enhancement. Contouring was initiated at the most caudal portion of the crescent-shaped floor of the temporal horns and continued posterio-cranially along the medial edges of temporal horns [ Figure 1A and B]. The hippocampal contouring for all patients in our study was confirmed by the same neuroradiologist; appropriate anatomical contouring was also modified and verified by using T1-weighted MRI coronal and sagittal sequences. Furthermore, in order to allow sharp dose fall-off between the hippocampal areas and the planning target volume (PTV) for the whole brain, the hippocampal avoidance zone (HA zone) was generated by expanding the hippocampal outlines with a margin of 5 mm volumetrically. Accordingly, the whole-brain PTV was defined as whole-brain parenchyma excluding the HA zone. [30] To achieve conformal hippocampal sparing during the delivery of WBRT, the technique of volumetric modulated arc therapy (VMAT) was employed with using Linac-based RapidArc®. For inverse planning optimization, Eclipse v. 8.6 software was used with the analytical anisotropic algo- rithm (AAA) and all treatment plans were delivered by using Linac Varian-iX. Import antly, our preliminary planning study conducted during the past several years has shown that the utilization of VMAT technique via Lin ac-based RapidArc to achieve conformal avoidance of hippocampal areas has become mature and optimized (unpublished results). Briefly, four arcs of VMAT in way of non-coplanar arrangement were designed [ Figure 1C ]. In terms of dose prescription, a dose of 30 Gy in 12 fractions was prescribed to whole-brain PTV if the role of RT was considered therapeutic for treating oligometastatic brain disease or adjuvant following craniotomy with tumor removal.
Imaging and clinical follow-up
Identical to pre-RT assessment via brain MRI and a battery of neurocognitive assessment for the enrolled patients, imaging and clinical follow-up were arranged for the study participants and performed at pre-specified post-RT intervals, which are 4 months and 12 months after the start of HA-WBRT course, respectively.
Although follow-up duration is too short for the common oncological outcomes to occur, the subjects were kept under close observation in order to detect any intracranial failures by using brain MRI performed at 4 months after the start of cranial RT. Basically, three patterns of central nervous system (CNS) failure were found: local failure, distant brain parenchymal failure, and development of leptomeningeal disease. [31] Also, for each case with brain parenchymal failure, the site (s) of CNS failure shown on follow-up MRI was co-registered, fused, and mapped with the corresponding previous isodose distribution in CT treatment planning to assure whether the site (s) of such brain parenchymal failure would fall out of the zone of hippocampal sparing-related underdose regions.
Statistical considerations and analyses
Our primary endpoint was delayed recall, as determined by the decline/change in either verbal memory (WMS III -Word Lists delayed recall score) or non-verbal memory [WMS III -Visual Reproduction (VR) delayed recall score] from baseline assessment to 4 months after the start of HA-WBRT. Consequently, in order to compare patients' NCFs, which included memory, executive functions, and psychomotor speed, before and after the HA-WBRT course, the repeated measure analysis of variance (ANOVA) was used. The statistical significance of our analyses was set as a p value of less than 0.05 after the Bonferroni adjustment. The commercially available software (SPSS Version 20.0) was employed.
Besides, regarding the intracranial progression evaluated via brain MRI, the Kaplan-Meier estimator was used to compute the median time to radiographic progression for our studied patients (along with 95% confidence intervals). The Cox proportional hazards regression model was employed to investigate the effects of histology, RPA class, and other available covariates on time to radiographic progression.
RESULTS
Study patients, eligibility, and clinical setting
By the end of April 2014, totally 25 patients had been enrolled in the current prospective study for investigating the feasibility and impact of hippocampal sparing during WBRT course on the change or preservation of neurocognition. Based on our predefined patient eligibility, there were two main groups of recruited patients. Actually, there were only three patients belonging to the standard setting of what is called PCI, including two patients with limited-stage small cell lung cancer who had achieved good clinical response to primary chemoradiation and one case with locoregionally advanced non-small cell lung cancer that had also shown significant objective response to primary concurrent chemoradiation. In addition to the three patients falling into the clinical setting of conventional PCI, the remaining 22 patients had solitary brain metastasis or oligometastatic brain disease. Noticeably, the majority of patients were referred from the Department of Neurosurgery after they had undergone craniotomy with removal of the main metastatic tumor, including 15 cases with a single brain metastasis and 4 patients with oligometastatic brain disease.
Patient demographics and clinical characteristics
In this preliminary report, as shown in Table 2 , the patients enrolled in the study initially included 15 males and 10 females. The median age at registration was 57.6 years. All eligible patients had a fair performance status, as indicated by a KPS of 70 or more; approximately one-third of the patients had even a good KPS (≥90). Except for the seven Patients whose primary cancer arose from miscellaneous malignancies, most of the patients had lung cancer and breast cancer as the primary cancer. Regarding the number of brain metastatic foci, more than two-thirds of the patients had only one solitary brain metastasis and even zero MRI-detected lesions, implying the clinical situation of PCI.
Furthermore, 19 out of 25 patients (76%) had undergone craniotomy with gross tumor removal for the space-occupying lesion causing active symptoms, and these included 15 cases with a single brain metastasis, 3 patients with two brain metastatic lesions, and 1 case with three metastatic foci at diagnosis of intracranial dissemination. Therefore, concerning the role of WBRT, it was therapeutic for oligometastatic brain disease for 7 patients (28%); by contrast, it was an adjuvant following craniotomy in 15 cases (60%) for whom en-bloc gross tumor resection had already been accomplished. Since there were no grossly residual lesions left among these 15 patients who had solitary brain metastasis and had undergone gross tumor removal, actually 18 out of 25 patients (72%) had no grossly residual brain lesion(s) during registration of this study, including 3 PCI patients and 15 surgically resected cases.
According to RTOG RPA classification, 15 out of 25 patients (60%) belonged to class II and the remaining 10 patients (40%) were considered the most favorable group, i.e. class I. In addition, among the 15 patients who had either uncontrolled primary cancer or progressive status of extracranial metastasis, there were 6 patients experiencing both progressive primary cancer and uncontrolled extracranial metastasis.
Neurocognitive outcomes
In our earlier report, compliance with NCF testing was 100% at baseline and 57% at 4 months after the initiation of HA-WBRT course. The majority of non-compliance might be attributed to patient-related factors, mainly a deteriorated performance status. The chart in Figure 2 summarizes the trial flow of this preliminary report.
As illustrated in Figure 3A , regarding the verbal memory, no significant difference was found in the scaled scores of short-term memory on the Word List (WL) (F = 0.368, p = 0.563) between before and after the course of HA-WBRT, whereas a significant difference was found in the long-term memory on the WL (F = 5.727, p = 0.048) between these two evaluations. As for the non-verbal memory, no significant difference was noted in any scaled score on the VR between pre-and post-HA-WBRT course.
With respect to the executive functions [ Figure 3B ], when comparing the performances before the HA-WBRT course and 4 months after the start of HA-WBRT course, we found no statistically significant difference on the DS (F = 0.000, p = 1.000) and the Modified Card Sorting Test Concerning the performances of psychomotor speed [ Figure 3C ], a similar finding was noted in accordance with the above NCF results. The performances on the DSS (F = 0.030, p = 0.867) and the SS (F = 0.578, p = 0.472) were not significantly different between before and after the HA-WBRT course.
Intracranial control and early oncological outcomes
Despite insufficient follow-up, up to now, as shown in Table 3 , no any intracranial failure has occurred in the underdose region, indicating that the zone of hippocampal sparing might be safely free from CNS failure and that all brain metastatic foci have indeed been irradiated appropriately with our predefined prescribed dose (i.e. 3000 cGy in 12 fractions). Furthermore, there were four patients experiencing treatment failure within the CNS, including two cases developing leptomeningeal disease and two patients experiencing local failure. Besides, one patient experiencing intracranial local failure also developed distant brain parenchymal failure metachronously. By the end of April 2014, post-RT MRI follow-up was feasible in 10 patients at 4 months after the start of HA-WBRT course, among whom CNS tumor control was generally quite good. One patient suffered early CNS failure both locally and distantly, two patients still had a residual lesion which had not been managed surgically or radiosurgically, and the remaining seven patients still remained free of any CNS failure at this time point. 
DISCUSSION
Feasibility and significance of this prospective study (HA-WBRT)
Since no any intracranial failure was associated with the underdose area represented by the zone of hippocampal avoidance, we believe that reducing the dose delivered to the hippocampal areas when treating patients with WBRT might not compromise intracranial tumor control at all. Furthermore, several related studies have consistently supported selectively reducing the dose delivered to the hippocampus when treating oligometastatic patients with WBRT. [22, 23, 32, 33] Although the follow-up duration was too short for us to perform analytic statistical testing with regard to intracranial disease control and survival outcomes, our preliminary results clearly showed that specific NCFs (i.e. verbal and non-verbal learning memory, executive functions, and psychomotor speed) did not significantly change or decline in patients who had undergone hippocampal sparing during the WBRT course.
Strengths of the current study
To the best of our knowledge, there has been little evidence concerning the neurocognitive outcomes for non-primary brain tumor patients, let alone cancer patients with brain metastasis in the Taiwanese population. Therefore, this prospective clinical study with neurocognitive outcome research might be a pioneering study focusing on neurocognitive outcomes in the field of neuro-oncology in an eastern Asian country. By virtue of this prospective Phase II study carried out in Taiwan, we were able to obtain preliminary results, which will guide us when formulating and designing the future study protocols. Moreover, all contouring tailored to the imaging anatomy of bilateral hippocampal areas was delineated and verified by the same neuroimaging radiologist, rather than neurosurgeons or radiation oncologists only. Similarly, all neurocognitive assessments were administered under the supervision of a well-experienced neuropsychologist, who had selected a neurobehavioral test battery specifically for the current study.
Neurocognitive status/change before and after HA-WBRT
Multi-domains of NCF were examined in this study, and our results consequently showed no significant differences in memory, executive functions, and psychomotor speed between baseline and 4 months after the start of HA-WBRT course, except for the long-term delayed recall of verbal memory. In fact, these support the finding that conformal sparing of hippocampal areas during the delivery of WBRT might preserve patients' NCF mostly or alleviate the extent of NCF changes. [23, 34] Indeed, it has been documented that WBRT is associated with late neurotoxicity resulting from brain irradiation and will induce multi-faceted difficulties in patients including memory, attention, and motor control; [8, 35] therefore, HA-WBRT was developed to preserve cortical NCFs even after cranial RT. [20, 23, 36] Although quite a few researches [23, 34, 37, 38] have conceptually hypothesized that HA-WBRT might mitigate the cognitive decline after brain RT, studies concerning the dynamic changes of NCF before and after HA-WBRT are still limited and preliminary. [39] For example, Gondi et al. have conducted a Phase II clinical trial, RTOG 0933, to investigate the effects of HA-WBRT in patients with brain metastases and they evaluated memory performances by using the Hopkins Verbal Learning Test (HVLT) at 4 months after initiating brain RT. [18, 21] Our prospective study further provides the preliminary evidence that specific NCFs in patients with oligometastatic brain disease are quite stable between baseline assessment and those evaluated at 4 months after HA-WBRT. † : Leptomeningeal disease: A conservative definition of leptomeningeal disease was used, including obvious leptomeningeal enhancement on MRI involving the brain (in the sulci of cerebral hemispheres, the subependyma, the cranial nerves, of folia of the cerebellum), spinal cord, or cauda equina; ‡ : HA indicates hippocampal avoidance in this study. In order to make sure whether the site (s) of brain parenchymal failure would unfortunately fall within the zone of hippocampal sparing-related underdose region, the site (s) of CNS failure shown on follow-up MRI would be fused with the isodose distribution in previous CT treatment planning of HA-WBRT
Potential limitations of the present study
Although this prospective study might be limited by the fact that there was no real control group for which conventional WBRT without hippocampal sparing was delivered, actually each patient indeed serves as his/her own control because the difference in scores obtained at baseline and at pre-specified post-treatment intervals was calculated. Furthermore, there are other potential patient-related, disease-related, and treatment factors which also play a role in affecting patients' NCF change, such as the extent of brain edema caused by the metastatic brain focus per se or surgical intervention, general performance status, the confounding effect of increased intracranial pressure (IICP), nutritional condition, and electrolyte imbalance. Nevertheless, our predefined strict inclusion criteria have focused our enrolled patients on those with satisfactory performance status and a limited number and burden of metastatic brain foci. Therefore, it is assumed that the impact of potential confounders can be kept as negligible as possible provided that the enrolled patients really meet the eligibility criteria. Last but not least, the patient population in the current study seems quite heterogeneous because we enrolled two main patient subgroups; one subgroup represented the patients who were referred for PCI and the other represented those with oligometastatic brain disease. Also, patients with oligometastatic disease can further be divided as surgically resected cases and those receiving cranial RT alone. Nevertheless, we still believe that obtaining adequate preliminary data from this prospective pilot study is the most important mission now.
Clinical implications and future directions
First of all, whether this pilot study can be advanced to a larger-scale prospective study by introducing an appropriate control group deserves more discussion and debates. Conceptually thinking, patients fitting the same eligibility and randomized to receive conventional WBRT without hippocampal sparing should be the ideal control patient population. However, ethical considerations cannot be evaded at all, provided that HA-WBRT could achieve similar oncological outcomes and more favorable neurocognitive outcomes without violating the safety profile, as compared with conventional WBRT. [18, 21] Besides, for patients with a limited number of brain metastatic foci, particularly solitary brain metastasis, actually the current pattern of care preferred by some neurosurgeons/physicians is upfront stereotactic radiosurgery (SRS) but deferring the delivery of WBRT until intracranial failure; [40] [41] [42] [43] therefore, we can hypothesize that compared to initial SRS without upfront WBRT, the delivery of HA-WBRT would help patients with oligometastatic brain disease attain significantly better intracranial tumor control without compromising neurocognitive outcomes. As a result, it justifies carrying out a prospective study comparing treatment effectiveness between HA-WBRT and upfront SRS alone for patients with oligometastatic brain disease.
Conclusions
In addition to intracranial disease control, common therapeutic and oncological outcomes, the integration of functional outcomes, including neurocognitive assessments, should provide further help for neuro-oncologists and health professionals when managing cancer patients harboring brain metastases. Furthermore, intr acranial control and functional preservation by reducing the dose delivered to the hippocampi during the WBRT course was generall y achieved in our prospective preliminary study, except for delayed verbal memory. Our study thus suggests that HA-WBRT should be a feasible and recommended technique which provides good intracranial control and preserves critical NCFs simultaneously in cancer patients harboring brain metastases with a favorable prognosis.
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